Abstract. Paclitaxel is a frequently used anticancer drug with considerable inter-individual variability in terms of drug efficiency and toxicity. The reasons for this variability have not been fully explained. The purpose of this study was to evaluate the possible relationship between paclitaxel-induced neurotoxicity and the distribution of genetic variations with reported functional significance in the ABCB1, CYP2C8 and CYP3A4 genes that are all implicated in taxol metabolism. Women (n=36) experiencing paclitaxel-induced neurotoxicity were included in the study, and the ABCB1 G2677A/T and C3435T as well as CYP2C8 * 3 and CYP3A4 * 1b allele frequencies were determined using PCR-RFLP and DNA sequence analysis. We showed that the ABCB1 3435T allele, previously reported as a risk allele for neurotoxicity, did not correlate with the occurrence of neurotoxicity in our patient sample (Chi-square test, p=0.61). Furthermore, we showed that neither the CYP2C8 * 3 nor CYP3A4 * 1b alleles, that both lead to diminished enzyme activity, correlated with paclitaxelinduced neurotoxicity. The occurrence and variation in severity of neurotoxicity in our swedish patient sample could therefore not be explained by the reported functional polymorphisms in the ABCB1, CYP2C8 and CYP3A4 genes.
Introduction
Paclitaxel is a frequently used anticancer drug with a broad spectrum of activity against malignant solid tumors, including breast, ovarian and lung cancer (1) . However, the considerable variability in drug efficiency and toxicity of paclitaxel treatment results in unpredictable patient responses. Neurotoxicity is one common adverse effect following treatment with paclitaxel (2) . This effect is apparently dose-related, since several studies have shown a trend towards increased neurotoxicity with increased paclitaxel AUC (area under the concentration curve) (3) (4) (5) . The reasons for this inter-individual variability have not been determined. Many studies are therefore focusing on genetic variation in genes encoding metabolising and drug-transporting proteins. Paclitaxel is mainly metabolised by the CYP2C8 enzyme to its primary metabolite, 6α-hydroxypaclitaxel (6) and to a lesser extent by the CYP3A4 enzyme (7) . Furthermore, paclitaxel is a substrate for ABCB1 (MDR1; P-glycoprotein), an important membrane efflux protein (3, 8) . ABCB1 is expressed in the blood-brain barrier and is thought to protect peripheral nervous tissue, as it transports toxic substances back to the systemic circulation (9, 10) . recently, genetic polymorphisms in these enzymes have been described. However, the clinical relevance of these variations has not as yet been fully explored in clinical studies.
In a cohort of 97 Caucasian cancer patients, no significant association was observed between different alleles in the ABCB1, CYP2C8 and CYP3A4 genes and the pharmacokinetics of paclitaxel (11) . Moreover, a recent study showed no association between polymorphisms in ABCB1 and the pharmacokinetics of paclitaxel (12) . These authors conclude that the inter-individual variability in the pharmacokinetics of paclitaxel cannot be attributed to genetic variations in this gene. However, adverse effects such as neurotoxicity might be associated with inherited alleles in these genes through mechanisms unrelated to plasma pharmacokinetics. Genetic variation in ABCB1 has been associated with response to paclitaxel treatment, but the literature has not been conclusive (24) .
the purpose of this study was to investigate the association between the occurrence and degree of neurotoxicity following paclitaxel treatment in breast and ovarian cancer and to correlate these clinical findings with the allele frequency of variants in the ABCB1, CYP2C8 and CYP3A4 genes reportedly leading to impaired enzyme activity.
Materials and methods
Patient selection. this study comprised 36 female patients with breast cancer (24 patients) or ovarian cancer (12 patients), all of which developed clinical neurotoxicity grade 1-2 according to the NCI-CTCAE (v. 3.0) during paclitaxel-containing chemotherapy. Information concerning debut of toxicity was obtained from chart-review. Among the breast cancer patients, 4 were treated with paclitaxel as a single drug (2 on a weekly basis), 18 with paclitaxel, epirubicin and capecitabine, while 2 received paclitaxel and herceptin. Among the ovarian cancer patients, 1 received weekly paclitaxel and 11 were administered combination chemotherapy with paclitaxel and carboplatin. Prior chemotherapy had been administered to 15 of the total 36 patients. The patients median age was 58 years (range, 40-80). the patients were diagnosed and treated at the Department of oncology at Sahlgrenska University Hospital. Informed consent was obtained, and the study was approved by the regional ethics committee. our control sample consisted of 50 healthy blood donors at Sahlgrenska University Hospital.
Genetic analysis/genotyping. Genomic DNA was isolated from peripheral leucocytes from the 36 blood samples using the Puregene ® DNA Isolation kit (Gentra Systems, Minneapolis, MN, USA). PCR primers were purchased from Invitrogen ® . Genotyping of the CYP2C8 * 3 allele was performed by a polymerase chain reaction-based restriction fragment length polymorphism (PCR-RFLP) as previously described (6) . The analysis was conclusive for 35 samples. Genotyping of the CYP3A4 * 1b allele was also performed by PCR-RFLP (13). The analysis was conclusive for 31 samples.
Genotyping of the SNP 2677G/T/A of the ABCB1 gene was performed by PCR (14) , followed by DNA sequence analysis using the ABI 3100 PRISM Genetic Analyzer and the Big Dye Terminator Cycle Sequencing Ready Reaction kit (both from Applied Biosystems, Foster City, CA, USA).
Genotyping for the SNP 3435C/T was performed by a PCR-RFLP. The PCR primer sequences 5'TGT TTT CAG CTG CTT GAT GG-3' and 3'CTC CGG TTG TAT GTA CGG AA-5' were obtained from Epidauros Biotechnologie AG (Bernried, Germany). The PCR program consisted of 30 cycles at 95˚C for 30 sec, 55˚C for 30 sec, 72˚C for 60 sec and a final elongation step at 72˚C for 7 min. The PCR fragment was subjected to cleavage with the DpnII enzyme. The analysis was conclusive for 36 samples.
All products from the PCR-RFLP analysis were separated on a 3% agarose gel.
Statistical evaluation. statistical analyses were carried out using the SAS system. The differences in allele frequencies among literature control population, blood donor controls and patients were analysed using the Chi-square test. The analysis of association between mean debut dose of paclitaxel and grade of neurotoxicity and 3435C/T SNPs was performed using the Fisher's exact test.
Results

Patients.
Patients were selected for the study when they experienced neurotoxicity. There was no significant difference in the mean debut dose of paclitaxel for neurotoxicity grade 1 based on diagnosis, or if the patients had received prior chemotherapy. The mean debut dose for neurotoxicity for all analyzed patients was 1129 mg (range, 300-3360) (Fig. 1) .
CYP2C8 and CYP3A4. The CYP2C8
* 3 allele frequency in our study sample (n=35) was determined by Pcr-rFlP (data not shown). The allele frequency was 14.3% as compared to the expected frequency of 14% (13-15%) noted in populations of similar Caucasian origin (15) .
The allele CYP3A4 * 1b, with an expected population frequency of 2.0-9.6% (16), was not found in any of our patients (n=31), indicating that this risk allele was not abundant in our patient sample.
ABCB1. The ABCB1 2677G/T/A and 3435C/T SNPs were analysed by DNA sequencing and RFLP after PCR amplification of exon 21 and 26, respectively.
The distribution of alleles at position 3435C/T and 2677G/T/A was compared with the expected population frequencies obtained from the analyses of 200 randomly selected individuals from the southeastern part of sweden (table I) (17) . The distribution in our patient sample closely resembled the distribution noted in the literature control sample, implying that these two cohorts were not significantly stratified (Chisquare test, p=0.29). This finding contradicts previously published data suggesting that patients carrying the 3435t allele have a higher risk for neurotoxicity.
the literature control population sample we used was geographically closely linked to our study population, but to strengthen our data and avoid the possibility of population bias, we also examined the distribution of the 3435t allele in 50 blood donor controls from the same university hospital as our patients. As anticipated, the frequency of each allele did not differ statistically from that of the literature control population sample (Chi-square test, p=0.24). The allele frequencies in the control groups did not differ significantly from published reports including ethnically similar subjects (22, 23) . Furthermore, there was no statistically significant difference between mean debut dose of paclitaxel, grade of neurotoxicity and 3435C/T SNPs (Chi-square test, p=0.61 or Fisher's exact test, p=0.69) (Fig. 2) .
Discussion
With the aim to study the inter-individual variation of paclitaxel-induced neurotoxicity in relation to genetic variation, relevant gene polymorphisms in the three metabolising enzymes, CYP2C8, CYP3A4 and ABCB1, were analysed. CYP2C8 is the principle enzyme metabolising paclitaxel. CYP2C8 * 3, which is found primarily in caucasians, has shown only 15% of the enzymatic turnover number of wild-type CYP2C8 for paclitaxel in vitro (6) . Lower enzyme activity for CYP2C8 * 3 compared with the wild-type has also been shown in human liver microsomes (18) . In an attempt to verify in vivo whether the suggested decrease in enzyme activity for this allele correlated to neurotoxicity, we analysed the CYP2C8 * 3 allele frequency in patients experiencing at least grade 1-3 neurotoxicity after treatment with paclitaxel. We reported an allele frequency of 14.3% as compared with the expected frequency of 14% (13-15%) (15) . We concluded that neurotoxicity as a side effect of paclitaxel treatment is not associated with an increased incidence of CYP2C8 * 3 allele frequency. The suggested decrease in enzyme activity shown for this allele by the in vitro data has therefore not been confirmed in this patient group.
CYP3A4 is the most abundant P-450 enzyme in the human liver and it metabolises more than 50% of prescription drugs. The CYP3A4 * 1b allele has been associated with prostate cancer and estrogen receptor-negative breast cancer (25). Moreover, CYP3A4
* 1b has been shown to influence enzyme activity (26) .
The allele frequency of the 3A4 * 1b allele differs between populations, and the expected frequency in our swedish sample was not previously determined. However, as this allele was not detected in our patient sample, we conclude that it is probably of minor importance in the pathogenesis of neurotoxicity.
P-glycoprotein, encoded by ABCB1, is an ATP-driven drug export pump. It is expressed in many tissues such as the intestine and the blood-brain barrier. Furthermore, high expression in ovarian tumour cells has been shown to correlate with a poor response to treatment with paclitaxel (19) . Several SNPs in the ABCB1 gene have been described and two of them (2677G/T/A and 3435C/T) have been correlated to p-glycoprotein expression in the Caucasian population. As a result, individuals homozygous for the 3435t alleles were shown to express lower levels of p-glycoprotein in the intestine and subsequently higher plasma levels of the drug (20) . Patients with low p-glycoprotein expression would be more likely to suffer from neurotoxicity, since this would indicate a higher systemic concentration of the drug. Recently, the ABCB1 alleles G2677T/A were shown to correlate with the response to paclitaxel treatment in ovarian cancer in a swedish patient sample (17) . In this study by Gréen et al, the frequency of the t allele was higher in patients experiencing a favorable response. However, the 3435C/T SNP was not found to correlate with treatment outcome. Moreover, no significant difference in snP frequencies could be found between the reference population and the patients with ovarian cancer. There are several previous studies showing an association between the 3435c allele and poor response. Consequently, kafka et al showed that the alleles T/T at position 3435 correlated with a complete clinical response to chemotherapy in locally advanced breast cancer (21) .
The association of the 2677G/T/A and 3435C/T SNPs with paclitaxel-induced neurotoxicity and neutropenia was recently evaluated in a german study by sissung et al (12) . In this study, comprising 22 patients experiencing peripheral neuropathy, none of the patients carrying the 3435C/C alleles developed peripheral neuropathy after paclitaxel treatment. In addition, there was a trend towards an increased risk of neurotoxicity for individuals carrying 3435C/T or 3435T/T. This result was not reproduced in our Swedish patient sample. Given the close proximity of the study populations in these two studies, we conclude that the 3435t allele does not increase the risk for paclitaxel-induced neurotoxicity.
The German study also showed that 3435 T/T in combination with 2667T/T conferred a risk of neutropenia. Linkage disequilibrium between these two snPs has been proposed (22) and it was also evident in our data.
In conclusion, by analysing the CYP2C8, CYP3A4 and ABCB1 genes implicated in paclitaxel pharmacogenetics, we showed no association between these alleles and paclitaxelinduced neurotoxicity. our data contradict the previously reported association between the 3435t allele (12) and neurotoxicity. This implies that other genetic and/or environmental mechanisms regulate the individual difference in susceptibility to paclitaxel-induced neurotoxicity.
the data presented here will be re-analysed in a large, randomised, phase III study comprising more than 300 cases of breast cancer. In this study, polymorphisms in genes related to paclitaxel pharmacogenomics will be analysed with the aim of obtaining an insight into predictive or prognostic factors relating to paclitaxel efficiency and toxicity. Table I . Frequencies of ABCB1 3435C/T alleles in patients, literature controls and blood donor controls. C/C  C/T  T/T  Total   Patients  12  16  8  36  Literature controls  46  88  66  200  Blood donor controls  11  28  11  50   Total  58  104  74  286 In addition to snPs, inter-individual genetic variation is also composed of small insertions/deletions in the genome, vNTRs, CNvs as well as epigenetic effects such as DNA methylation, which also opens possibilities for further studies on genetic variation and paclitaxel-induced adverse events.
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